Introduction
============

Interferons (IFN) are natural defence factors in vertebrates. This family of cytokines regulates antiviral, anti-tumour and immunomodulatory activities \[[@b1]\]. There are two main types of IFNs: type I IFN, which includes IFNα and IFNβ and type II, which comprises IFN . It is known that IFNα is mainly produced by certain leukocytes (such as dendritic cells and macrophages), IFNβ by epithelial cells and fibroblasts and IFNγ by T cells \[[@b2]\]. Due to their multiple biofunctions, recombinant IFNαs have been approved in over 40 countries for treating more than 14 malignancies and several virologic diseases \[[@b1]\]. Most notably, IFN s are used in combination with chemotherapy to treat metastatic melanoma, condyloma acuminata, Kaposi\'s sarcoma and hepatitis B and C \[[@b3]\].

Type I IFN signalling in treated cells is mediated by dimerization of their receptors, IFNAR1 and IFNAR2. Janus kinases TYK2 and JAK1 are the key players in type I IFN signal cascades which can be activated by tyrosine auto-phosphorylation in response to receptor assembly and later phosphorylate the receptors \[[@b2]\]. Biochemical studies have demonstrated that TYK2 and JAK1 constitutively and directly associate with IFNAR1 \[[@b2]\] and IFNAR2 \[[@b9]\], respectively. Accordingly, activated TYK2 and JAK1 can further recruit and activate the signal transducer and activator of transcription (STAT) proteins at the phosphoty-rosine sites in the cytoplasmic tail of the receptor. Activated STATs, with a phosphorylated tyrosine at the carboxyl terminal portion, then form either homodimers or heterodimers, and translocate into the nucleus. IFN-α and IFN-β primarily activates STAT1, STAT2 and STAT3, and in certain cells can also activate STAT5 and STAT6 \[[@b2]\]. After translocation into the nucleus, the STAT1: STAT2 het-erodimer will associate with IFN regulatory factor 9 (IRF9, p48) to form a STAT1: STAT2: IRF9 trimer, also known as ISGF3-(interferon-stimulated gene factor 3);this trimer then binds to cis-acting IFN-stimulated response elements (ISREs) to induce transcription of many IFN-stimulated genes (ISGs). The homodimers STAT1: STAT1 and STAT3: STAT3, and the heterodimer STAT1: STAT3 bind to IFN-γ-activated sequence elements (GAS) directly in response to type I IFN stimulation \[[@b2]\].

IFNα treatment can interrupt virus propagation and has been shown to be very efficient in treating HBV and HCV patients. Recent studies further indicate that IFN not only contains anti-viral activities, but also modulates immune responses and cytokine networking. For example, IFNα has been shown to affect the balance between Th1/Th2 cytokines *in vivo* and *in vitro*\[[@b16]\]. In addition, IFNα stimulated the production of interleukin-1 receptor antagonist (IL-1Ra) *in vitro*\[[@b19]\], which was also confirmed clinically in patients \[[@b21]\]. IL-1Ra has been characterized as an acute-phase protein \[[@b24]\] that contributes to both initiation and modulation of inflammatory responses. Maintenance of the balance between IL-1 and IL-1Ra is a key factor in preventing the development and progression of inflammatory diseases.

Although there is abundant evidence to suggest that IFN therapy is beneficial in the treatment of disease, the molecular mechanisms by which IFN stimulates the secretion of IL-1Ra remains poorly defined. In this study, we have found that exposure of hepatocytes to IFN-α or IFN-β led to the activation of STAT6, in addition to the activation of STAT1 and STAT2. Activated STAT6 in turn stimulated the formation of STAT2: STAT6 complexes, which led to the production of secreted IL-1Ra in hepatocytes.

Materials and methods
=====================

Reagents and cells
------------------

DMEM, Dulbecco\'s phosphate buffered saline (PBS), L-glutamine and antibiotic were obtained from Invitrogen. Foetal bovine serum (FBS) was purchased from Hyclone. Protein assay reagents were obtained from Bio-Rad Laboratories. X-tremeGENE siRNA transfection reagent was purchased from Roche Applied Science. The following antibodies were used: STAT1, STAT2, STAT3, STAT5, STAT6 and Tyk2 were from BD Transduction Laboratories; p-STAT1 (Tyr 701), p-STAT2 (Tyr 690), p-STAT3 (Tyr705), p-STAT5 (Tyr694), p-STAT6 (Tyr 641), JAK1 and β-actin were from Cell signalling Technology. For Chromatin immunopre-cipitation (ChIP), the anti-STAT6 and anti-GAPDH were from Santa Cruz Biotechnology. Protease inhibitor cocktail for use with mammalian cell and tissue extracts and Phosphatase cocktail I were purchased from Sigma-Aldrich. Recombinant IFNα2 was from Hoffmann-La Roche and recombinant IFNβ was from Merck-Serono. IL-4 and IL-1 were purchase from MDbio, Inc. The HuH7 (JCRB0403, Japanese Collection of Research Bioresources (JCRB), Osaka, Japan) and Hep3B (BCRC60434, Bioresource Collection and Research Center, HsinChu, Taiwan) hepatoma cell lines were maintained as adherent cultures in DMEM plus 10% FBS. Kinase inhibitors (JAK1:Pyridone 6;JAK3:WHI-p131) were obtained from Merck-Calbiochem.

Western blotting
----------------

Western blotting was performed on HuH-7 or Hep3B hepatoma cells which had been starved overnight in serum free medium and stimulated with IFN-α or IFN-β at a concentration of 400 IU/ml. Cells were then harvested, washed with 10 ml of PBS three times, and lysed with M-PER (Pierce) containing phosphatase inhibitor and protease inhibitor. Proteins were separated on a 7.5% SDS-PAGE gel and blotted onto a polyvinylidene difluoride membrane. For visualization, membranes were probed with a species-specific secondary antibody conjugated to horseradish peroxidase; binding was detected by SuperSignal West Pico Chemiluminescent Substrate according to the manufacturer\'s instructions (Pierce). To monitor protein loading on some of the immunoblots, membranes were stripped and re-probed with appropriate antibodies. Blots shown are representative of at least three individual experiments.

Immunoprecipitation
===================

Immunoprecipitation was performed on HuH7 cells which had been starved overnight in serum free medium, and stimulated with IFN-α or IFN-β at a concentration of 400 IU/ml or with IL-4 at a concentration of 10 ng/ml. Cells were washed with 10 ml of PBS three times and lysed with M-PER (Pierce) containing a protease inhibitor cocktail. Cell debris was removed by centrifugation. The lysates were then incubated with appropriate antibodies and Protein-A-Sepharose beads (Sigma). The antibody-protein complexes were collected by centrifugation, washed, eluted by boiling in sample buffer, and immunoblotted as described above.

Preparation of nuclear extracts and electrophoretic mobility shift assay
------------------------------------------------------------------------

Nuclear extracts of HuH7 cells were prepared with a NE-PER nuclear extraction reagent (Pierce). IL-1Ra promoter STAT binding element 1 (IL-1Ra-SBE1): 5′-GCTCTTCTTC-CCAGGAACTCAATG-3′ and CD23b-GAS: 5′-GGGT-GAATTTCTAAGAAAGGGACTA-3′ were end-labelled by a biotin 3′ end DNA labelling kit (Pierce). The binding reactions contained 3 μl NE-PER nuclear extract protein, buffer (10 mM Tris, pH 7.5, 50 mM KCl, 5 mM MgCl~2~, 1 mM dithio-threitol, 0.05% Nonidet P-40, and 2.5% glycerol), 1 μg of poly(dI-dC), and 2 nM of biotin-labelled DNA. The reactions were incubated at room temperature for 20 min. The reactions were electrophoresed on a 6% Tris-borate- ethylene-diaminetetraacetic acid (EDTA) gel at 100 V for 1 hr in a 0.5× Tris-borate-EDTA buffer, and then transferred to a nylon membrane. The biotin-labelled DNA was detected with the LightShift chemiluminescent electrophoretic mobility shift assay kit (Pierce).

Chromatin immunoprecipitation
-----------------------------

ChIP assays were according to Weinmann and Farnham (2002) \[[@b27]\] with modifications. A real-time PCR detection method was developed to avoid the use of isotope. Purified immunoprecipitated DNA was analysed in 20 μl PCR reactions and detected by Roche LightCycler 480 instrument using Taqman probe system. For IL1-Ra promoter, DNA fragments of 64 bp were generated by primer pairs IL1-Ra-F: 5′-gtatttccgcttctcgcagt-3′ and IL1-Ra-R: 5′-aaagaaatagt-cactcacccaagc-3′ and the detection of IL-1Ra promoter was using Roche Universal Probe 87. Cycling parameters were 95°C for 5 min, 45 cycles at 95°C for 10 sec, 50°C for 20 sec, 72°C for 1 sec.

Gene knockdown using RNAi
-------------------------

STAT2, STAT6, JAK1 and Tyk2 were silenced by the validated StealthTM RNAi DuoPak. The small interfering RNA (SiRNA) sequences were as follows: STAT2: 1) 5′\_GCAGUGGGAAAUGCUGCAGAAUCUU_3′; 2) 5′\_GCAGGAUGUCUUCUGCUUCCGAUAU_3′; STAT6: 1) 5′-GGGAGAAGAUGUGUGAAACUCUGAA-3′; 2) 5′-GAAUCCGGGAUCUUGCUCAGCUCAA-3′; JAK1: 1) 5′-GCACAGAAGACGGAGGAAAUGGUAU-3′; 2) 5′-GCCUUAAGGAAUAUCUUCCAAAGAA-3′; Tyk2; 1) 5′-CCCAGAGAUGCAAGCCUGAUGCUAU-3′; 2) 5′-CCAUUCUGAAGACAGUCCAUGAGAA-3′. HuH7 cells were transfected with siRNA using X-tremeGENE siRNA transfection reagent. Briefly, 40 nM of siRNAs (*i.e*. 20nM of each siRNA) was diluted in 200 ml serum-free DMEM and mixed with 10 ml X-tremeGENE siRNA transfection reagent which had been diluted in 200 ml serum-free DMEM. The complexes were incubated at room temperature for 15 min. The mixture was added to 2 × 10^5^ HuH7 seeded in 6-well plates containing 1 ml opti-MEM (Invitrogen). Control cells were transfected with Stealth™ RNAi negative control. After incubating the cells at 37°C, 5% CO~2~ for 12 hrs, siRNA complexes were washed out and replaced with DMEM containing 10% FBS. After 72 hrs post-transfection, transfected cells were harvested, and their ability to produce secreted IL-1Ra upon interferon treatment or the influence on the phosphorylation of STAT1, STAT2 and STAT6 was assessed. Gene knockdown was ascertained by Western blotting as described above, using specific antibodies and an anti-β-actin antibody as a loading control.

IL-1Ra enzyme-linked immunosorbent assay (ELISA)
------------------------------------------------

HuH7 cells were seeded at 10^4^ cells/well in 96-well plates and transfected with STAT2, STAT6 or Stealth™ RNAi negative control. After 24 hrs post-transfection, cells were stimulated with 400 IU/ml IFNα, 400 IU/ml IFNβ, 10 ng/ml IL4, 1 ng/ml IL-1 or the combination of IL4 or IFN with IL-1β for 48 hrs. IL-1Ra concentration was measured in culture supernatant using a RayBio^®^ human IL-1Ra ELISA kit. The sensitivity of the assay was less than 100 pg/ml.

Statistical analysis
--------------------

The protein intensities detected by Western blotting were quantified by the Science Lab 2003 Multi Gauge Ver. 2.2 (Fujifilm) and the unstimulated protein samples were defined as basal. The results are expressed in relative expression concentration over basal and represented as the mean±S.D. of three independent experiments. Indenpendent t-tests were used for the paired comparisons and a *P* value less than 0.05 was considered significant.

Results
=======

Type I IFN induced STAT6 phophorylation in HuH7 and Hep3B cells
---------------------------------------------------------------

To study the signalling pathways induced by type I IFN in hepatocytes, HuH7 and Hep3B cells were treated with 400 IU/ml IFNα or IFNβ. We cannot detect any growth inhibition activities in HuH7 and Hep3B cells when treated with up to 3000 IU/ml IFN-α or IFN-β (data not shown). Cells were then harvested at different time points and Western blotted to study the activation of STAT proteins after treatments. As shown in [Fig. 1](#fig01){ref-type="fig"}, both IFN-α and IFN-β were able to activate STAT1, STAT2 and STAT3 in HuH7 ([Fig. 1A](#fig01){ref-type="fig"}) and Hep3B ([Fig. 1B](#fig01){ref-type="fig"}) cells, which are common pathways involved in type I IFN signalling. Interestingly, STAT5 and STAT6 were also activated in response to IFN-α and IFN-β, although STAT5 activation was much weaker than STAT6. IFNβ induced stronger STAT5 activation than IFNα in both cell lines tested ([Fig. 1](#fig01){ref-type="fig"}). The time course study revealed that STAT2 and STAT3 activation prolonged longer time than STAT1 and STAT6 activation by detecting the content of phosphorylated tyrosine. In general, IFNβ treatment induced more acute and stronger effects on STAT proteins than IFNα ([Fig. 1A and B](#fig01){ref-type="fig"}). It is notable that STAT6 activation exhibited kinetic patterns similar to those of STAT1 in IFN-α or IFN-β treated HuH7 ([Fig. 1A and C](#fig01){ref-type="fig"}) and Hep3B ([Fig. 1B and D](#fig01){ref-type="fig"}) cells, indicating that STAT6 plays a significant role in hepatocytes in response to type I IFNs.

![STAT6 is tyrosine phosphorylated in response to IFNα and IFNβ in HuH7 and Hep3B cells. (**A** and **B**) IFN-α and IFN-β were able to activate STAT1, STAT2, STAT3, STAT5 and STAT6 in HuH7 (**A**) and Hep3B (**B**) cells. HuH7 and Hep3B cells were either unstimulated or stimulated with 400 IU/ml IFNα or IFNβ for the indicated time. 20μg cell extracts were resolved by 7.5% SDS-PAGE, and analysed by Western blotting using phosphoprotein specific antibodies (p-STAT1, p-STAT2, p-STAT3, p-STAT5, p-STAT6). The blot was later stripped and re-probed with STAT1, STAT2, STAT3, STAT5, STAT6 and βactin antibodies to ensure equal loading of the cell extracts. (**C** and **D**) STAT6 activation exhibited similar kinetic patterns as STAT1 in IFN-α or β treated HuH7 (**C**) and Hep3B (**D**) cells. The amount of activated STAT1 and STAT6 of HuH7 (**C**) and Hep3B (**D**) cells treated with 400 IU/ml IFNα or IFNβ was quantified and the results are expressed in relative expression level over basal; the results are represented as the mean±S.D. for three repetitions. Asterisks indicate the calculated *P* values for paired comparisons between IFNα and IFNβ at various times; all were \< 0.05.](jcmm0012-0876-f1a){#fig01}

The activation of STAT6 is mediated by the formation of STAT2: STAT6 heterodimer
--------------------------------------------------------------------------------

Since IFNα-induced STAT6 activation in lymphocytes is accompanied by the formation of STAT2: STAT6 complex \[[@b10]\], immunoprecipitation was performed to determine whether a similar mechanism exists in hepatocytes ([Fig. 2A](#fig02){ref-type="fig"}). STAT6 protein in IFN-α- or IFN-β-treated HuH7 cells was pulled down by anti-STAT6 antibody and the protein complex was subjected to Western blotting with anti-STAT2 antibody and *vice versa*. It is known that STAT6 activation is the primary signalling mechanism involved in the IL-4 pathway \[[@b10]\]. Hence, IL-4 treated cells in this experiment were utilized as the positive control. The data in [Fig. 2A](#fig02){ref-type="fig"} indicate that STAT6 protein directly associated with STAT2 after IFN-α or IFN-β treatments; this was not the case for cells treated with PBS control. SiRNA against STAT2 was introduced into the cells to down-regulate the expression level of STAT2 protein ([Fig. 2B](#fig02){ref-type="fig"}). This treatment significantly reduced the level of phosphorylation of STAT6 protein at Tyr 641 by IFNα as compared to control RNAi treated cells ([Fig. 2C and D](#fig02){ref-type="fig"}), indicating that the formation of the STAT2: STAT6 heterodimer is required for STAT6 activation induced by type I IFNs.

![The activation of STAT6 is mediated by the formation of STAT2: STAT6 heterodimer. (**A**) STAT6 formed a heterodimer with STAT2. HuH7 cells either were unstimulated (PBS) or were stimulated with IFNα (400 IU/ml), IFNβ (400 IU/ml) and IL-4 (10 ng/ml) for 30 min. Extracts were then immunoprecipitated (IP) with either a STAT2 antibody or a STAT6 antibody, resolved by 7.5% SDS-PAGE, and analysed by Western blotting using either an anti-STAT6 (top panel) or an anti-STAT2 antibody. Extracts from IL-4-stimulated HuH7 cells were included as a control for STAT6 activation. (**B**) SiRNA against STAT2 was introduced into the cells to down-regulate the expression level of STAT2 protein. STAT2 inhibition was checked by Western blotting using anti-STAT2 antibody. The blot was later stripped and re-probed with βactin antibody to ensure equal loading of the cell extracts. (**C**) STAT6 phosphorylation was inhibited by down-regulating STAT2. Extracts were prepared from HuH7 cells with or without a 30-min stimulation at 37°C with either PBS or IFNα (400 IU/ml). The activation of STAT6 after STAT2 knockdown was determined by Western blotting. The blot was later stripped and re-probed with STAT6 antibody to ensure equal loading of the cell extracts. (**D**) Phospho-STAT6 was quantified and the results are expressed in relative expression level over basal and represented as the mean±S.D. for three repetitions. Asterisks indicate the calculated *P* values for paired comparisons between IFN and PBS;all were \<0.05.](jcmm0012-0876-f2){#fig02}

IFN-α- or IFN-β-induced phosphorylation of STAT6 is mediated by the JAK-STAT pathway
------------------------------------------------------------------------------------

To determine the signalling cascade of STAT6 activation after type I IFN binding, a phosphorylation antibody array was performed to screen for receptor tyrosine kinases. Consistent with previous studies \[[@b2]\], JAK1 and Tyk2 were signal transducers for IFN-α or IFN-β signalling in hepatocytes ([Fig. 3A and B](#fig03){ref-type="fig"}). Specific siRNAs were prepared and transfected into HuH7 cells to knockdown JAK1 and Tyk2 ([Fig. 3B](#fig03){ref-type="fig"}). However, neither JAK1 nor Tyk2 inhibition completely inhibited the phosphorylation levels of STAT1, STAT2 and STAT6 ([Fig. 3C--E](#fig03){ref-type="fig"}). When IFN-α- or IFN-β-treated cells were treated with a universal JAK kinase inhibitor (Pyridone 6) or with JAK1 + Tyk2 siRNAs, STAT6 phosphorylation was inhibited ([Fig. 3G and F](#fig03){ref-type="fig"}). As expected, treating cells with the JAK3 inhibitor WHI-p131 did not influence the phosphorylation levels of STAT6 as compared to the non-relevant inhibitor control. These data indicate that both JAK1 and Tyk2 kinases were involved in IFN-α-or IFN-β-induced STAT6 activation in hepatocytes. These two kinases, therefore, may play redundant biofunctional roles, since down regulation of either of them did not block the signalling cascades.

![IFN-α- or IFN-β-induced phosphorylation of STAT6 is mediated by the JAK-STAT pathway. (**A**) JAK1 and Tyk2 were signal transducers for IFNα or IFNβ signalling in hepatocytes. A phosphorylation antibody array detecting relative levels of phosphorylation of 71 different receptor tyrosine kinases was incubated with extracts prepared from HuH7 cells; the extracts were either unstimulated (PBS), or stimulated with IFNα (400 IU/ml) or IFNβ (400 IU/ml) for 30 min. (**B**) The normalized activation level of JAK kinases (JAK1 and Tyk2) is presented. (**C**) SiRNAs against JAK1 and Tyk2 were introduced into the cells to down-regulate their expression levels. JAK1 and Tyk2 inhibition were checked by Western blotting using anti-JAK1 and TYK2 antibodies. The blot was later stripped and re-probed with β-actin antibody to ensure equal loading of the cell extracts. (**D** and **E**) Neither JAK1 (**D**) nor Tyk2 (**E**) inhibition completely inhibited the phosphorylation levels of STAT2 and STAT6. Extracts were prepared from HuH7 cells with or without a 30-min stimulation at 37°C with PBS, IFNα (400 IU/ml), and IFNβ (400 IU/ml). The activation of STAT2 and STAT6 by IFNα and IFNβ after JAK1 and Tyk2 knockdown were determined by Western blotting. The blot was later stripped and re-probed with STAT2 or STAT6 antibodies to ensure equal loading of the cell extracts. (**F**) STAT2 and STAT6 activation was inhibited by both JAK1 and Tyk2 knockdown. (**G**) STAT6 activation was not inhibited by JAK3 inhibitor. HuH7 cells were pretreated with 50 μM Pyridone 6, WHI-p131 or with DMSO as control for 6 hrs. The medium was replaced with fresh medium containing 400 IU/ml IFNα, IFNβ or PBS as control for 30 min. STAT6 inhibition were checked by Western blotting using antiphospho-STAT6 antibod-ies. The blot was later stripped and re-probed with STAT6 antibody to ensure equal loading of the cell extracts.](jcmm0012-0876-f3a){#fig03}

Type I IFN induces activation of STAT6-triggered production of secreted IL-1Ra in HuH7 cells
--------------------------------------------------------------------------------------------

To examine whether IFN-activated-STAT6 can bind to DNA fragments containing STAT6 binding element (SBE), an electrophoretic mobility shift assay was performed using nuclear extracts from HuH7 cells cultured in the presence of IFNα, IFNβ and IL-4. Previously IL-4 was also shown to activate STAT6 in the treated cells, the nuclear extract from IL-4 treated cells was utilized as the positive control. DNA fragments containing CD23 promoter (located at bases ∼230 ∼ 214 region) and IL-Ra-SBE1 (bases ∼254 ∼--231), promoter regions previously identified as the binding elements for activated STAT6 in IL-4 treated cells, were mixed with these nuclear extracts. As shown in [Fig. 4A](#fig04){ref-type="fig"}, treatment with IFNα, IFNβ and IL-4 significantly enhanced STAT6 binding to CD23 promoter as compared to the PBS treatment control. We also found that IFN-α- or IFN-β-activated STAT6 was able to bind to IL-1Ra-SBE1 (IL-4 positive control) ([Fig. 4B and C](#fig04){ref-type="fig"}). Moreover, a ChIP experiment was also performed to confirm the binding of IFN-activated-STAT6 to IL-1Ra promoter. As shown in [Fig. 4D](#fig04){ref-type="fig"}, we can detect IL-1Ra promoter in IFNα and IFNβ treated HuH7 cells' chromatins co-immunoprecipitated with anti-STAT6 antibody but not in chromatins co-immunoprecipitated with anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody. The crossing point (Cp) value for anti-STAT6 antibody co-immunoprecipitated chro-matins were 35.5, 25.55 and 24.82 of PBS-, IFNα- and IFNβ-treated HuH7 cells.

![Treatment of HuH7 cells with IFNα, IFNβ, and IL-4 significantly enhanced STAT6 binding to CD23 and IL-1Ra promoter. Extracts were prepared from Huh7 cells with or without a 30-min stimulation at 37°C with IL-4 (10 ng/ml) (lane 1 and 5), phosphate buffered saline (lane 2 and 6;red lines for ChIP), IFNα (400 IU/ml;blue lines for ChIP) (lane 3 and 7; blue line for ChIP), and IFNβ (400 IU/ml; green lines for ChIP) (lane 4 and 8). The nuclear extracts were examined by electrophoretic mobility shift assay (EMSA) using either biotin-labelled CD23 (**A**) and IL-1Ra (**B**) GAS probes alone or together with 100-fold molar excess of non-biotin labelled probes. The antibodies against STAT6 inhibited STAT6 binding to IL-1Ra GAS probes (**C**). Activated STAT6 is bound to the IL-1Ra promoter in native chromatin determined by ChIP assays (**D**). DNA fragments recovered from ChIP assays with anti-STAT6 (solid lines) or anti-GAPDH (dashed lines) were analysed by quantitative PCR using Roche universal probe 87. The Cp values were shown in parentheses.](jcmm0012-0876-f4){#fig04}

To further confirm whether the binding of STAT6 to the promoter leads to activation of IL-1Ra gene transcription, the protein levels of IL-1Ra were measured from the culture media of the cells treated with IFNα, IFNβ and IL-4, respectively. Compared with the PBS-treated control cells, IFNα, IFNβ and IL-4 treatments of hepatocytes increased the production of IL-1Ra from 20 pg/ml to 92 pg/ml (IFNα), 260 pg/ml (IFNβ) and 43 pg/ml (IL-4) ([Fig. 5B](#fig05){ref-type="fig"}).

![Type I IFN-induced activation of STAT6 mediated the production of IL-1Ra. (**A**) SiRNA against STAT6 was introduced into the cells to down-regulate the expression level of STAT6 protein. STAT6 inhibition was checked by Western blotting using anti-STAT6 antibody. The blot was later stripped and re-probed with β-actin antibody to ensure equal loading of the cell extracts. (**B**) STAT6 is required for secreted IL-1Ra production in HuH7 cells activated by IFNα or IFNβ. Culture supernatant were prepared from HuH7 cells with or without a 48 hour stimulation period at 37°C with phosphate buffered saline (control), IFNα (400 IU/ml), IFNβ (400 IU/ml), IL-4 (10 ng/ml), and IL-1 (1 ng/ml) as indicated. Secreted IL-1Ra concentration was assessed in supernatants of triplicate independent experiments and is presented as mean ± S.D. Asterisks indicate the calculated *P* values for paired comparisons between STAT6 siRNA and siRNA negative control; all *P* values were \<0.05. (**C**) Secreted IL-1Ra production is down-regulated by inhibiting the expression of STAT2 in HuH7 cells activated by 400IU/ml IFNα. Assay procedures are the same as above.](jcmm0012-0876-f5){#fig05}

It has been shown that IL-4 co-stimulated with IL-1β has a synergistic effect on production of secreted IL-1Ra protein and mRNA in hepatocytes \[[@b31]\]. Accordingly, the IL-1Ra protein levels of IL-1β-treated cells were measured with and without the combination of IFNα, IFNβ and IL-4 ([Fig. 5B](#fig05){ref-type="fig"}). The results showed that IFN-α or IFN-β also significantly enhanced the stimulatory effect of IL-1β on the production of secreted IL-1Ra ([Fig. 5B](#fig05){ref-type="fig"}).

The formation of the STAT2: STAT6 heterodimer was required for STAT6 activation ([Fig. 2A](#fig02){ref-type="fig"}) siRNA of STAT2 was transfected into HuH7 cells to test the production of secreted IL-1Ra. As shown in [Figure 5C](#fig05){ref-type="fig"}, the production of secreted IL-1Ra was reduced in HuH7 cells treated with IFNα or IFNβ (data not shown) but not in those treated with IL4, IL-1β or a combination of IL4 and IL-1β. These data indicate that the activation of STAT6 depends on STAT2, which requires formation of the STAT2: STAT6 het-erodimer. In addition, cells pre-treated with STAT6 siRNA secreted much less IL-1Ra ([Fig. 5A and B](#fig05){ref-type="fig"}). These data support that the production of secreted IL-1Ra was induced by activated STAT6 in response to type I IFNs treatments.

Discussion
==========

It has been shown that IFN-α and β have pleiotropic effects on various target cells; however, the molecular mechanisms by which IFN-α and β exert such diverse effects have not been fully elucidated. IFN-α and β stimulate the cytolytic capacity and function of NK cells, the phagocytic functions of macrophages and their production of cytokines, and the expression of major histocompatibility complex molecules in most immune cells and many other types of somatic cells \[[@b1]\]. In contrast to the well-established functions in innate immunity, less is known about the functions of IFN-α and β in adaptive immunity. Some studies have indicated that IFN-α and β promotes Th1 differentiation and inhibits IL-4-induced IgE production and CD23 expression, indicating that IFN- and is a Th1 cytokine similar to IFN-γ\[[@b32]\]. It is a central dogma in immunology that IL-4 and IFN-γ have opposing effects on the regulation of adaptive immune responses. IFN- and share some of the same signalling mechanisms associated with IFN-γ. It was therefore expected that IL-4 and IFN-α/β have opposing effects in adaptive immune responses. However, according to the results reported by Gupta *et al*. \[[@b11]\]., Fasler-Kan *et al*. \[[@b12]\]., and the present study, the phsophorylation of STAT6 by IFN- and is indistinguishable from that by IL-4. Interleukin-4 is a pleiotropic cytokine that plays an important role in modulating the immune-inflammatory reactions of growth, differentiation, cytokine production and surface molecule expression in lymphocytes, macrophages, stromal cells, and liver cells. The effect of IL-4 is primarily anti-inflammatory \[[@b10]\]. IL-4 reduces the production of IL-1, TNF-α, and other pro-inflammatory mediators. IL-4 has been shown to increase the production of IL-Ra in monocytes \[[@b33]\], macrophages \[[@b34]\] and liver cells \[[@b31]\]. Moreover, IL-4 enhanced IL-1β-induced production of IL-Ra in liver cells, indicating that the anti-inflammatory activity of IL-4 was partly mediated by the production of IL-1Ra.

Immune-mediated liver damage is thought to play an important role in the pathophysiology of chronic hepatitis C. Pro-inflammatory cytokines stimulate local immune activation by increasing the expression of adhesion molecules by endothelial cells and production of cytokines and chemokines, thereby inducing the local recruitment of circulating immune cells. The natural antagonists of pro-inflammatory cytokines soluble tumor necrosis factor receptor (sTNFRs) and IL-1Ra have an opposite effect. Previously reports have shown that injecting healthy individuals and chronic hepatitis C patients with IFNα induced a sustained and dramatic increase in circulating levels of IL-1Ra \[[@b22]\]. IFN can simultaneously decrease the viral replication and the inflammatory process caused by hepatitis C infection. The anti-inflammatory activity of IFN may be partly from the production of IL-1Ra.

IL-4-induced expression of secreted IL-1Ra is mediated by the activation of STAT6. The phosphory-lation of STAT6 has been linked to the activation of JAK3 in human hepatocytes. Day *et al*. \[[@b35]\]. reported that the JAK3 mutant strongly suppressed IL-4-stimulated tyrosine phosphorylation of STAT6; however, in our study, the inhibition of JAK3 kinase activity by WHI-p131 did not inhibit the IFN-αβ-induced phosphorylation of STAT6. Type I IFN activate receptor associated JAK1 and Tyk2 kinases. The activated receptor-JAK complex, in turn, phosphorylates STAT1, STAT2, STAT3 and STAT6 with no substrate specificity \[[@b2]\]. The activation of STAT1 and STAT2 has been clearly shown to play an essential role in the anti-viral and anti-tumour activities of IFN-α and β in STAT1- \[[@b36]\] and STAT2- \[[@b38]\] deficient mice. The activation of STAT3 by IFN-α and β is also implicated in the anti-viral activity of both IFN-α and β. Therefore, the activation of STAT1, STAT2, and STAT3 by IFN-α and β in human hepatocytes contributed in part to the effectiveness of IFN-α and β anti-viral therapy hepatitis C patients.

Activated STAT6 plays a central role in mediating the biological functions of cytokines IL-4 and IL-13, which are tightly connected to the T~H~2 branch of the immune system. Expressions of many cytokines responsible for organizing the infiltration of TH2 cells and eosinophils into sites of allergic inflammation are regulated by STAT6. Activated STAT6 is one of the molecules induced by IL-4 which may contribute to the immunomodulatory activities. The molecular mechanism by which IFN-α/β induce the phosphory-lation of STAT6 were previously shown to be associated with IFN resistance \[[@b11]\]. STAT6 activation was markedly more reduced in IFN-resistant Daudi cell sub-clones than in IFN-sensitive Daudi cells. In the present study, we found that the activation of STAT6 in hepatocytes was associated with modulation of inflammatory responsesby the induction of secreted IL-1Ra expression. Therefore, the function of IFN-α and β is similar in some respect to that of IL-4.

The IFN-α or IFN-β activation pathway, in which ligands trigger the activation of STATs, begins by inducing dimerization of IFNAR1 and IFNAR2, which leads to the activation of JAK1 and Tyk2 kinases. It has been demonstrated that the phosphorylation of STAT2 at Tyr 690 is required for efficient activation of STAT1 \[[@b39]\]. In U6A cells, a mutant cell line which lacks STAT2, the phosphorylation of STAT1 is weak. We have also demonstrated that the down-regulation of STAT2 by RNAi reduced the phosphorylation of STAT1 (data not shown) \[[@b40]\]. The stimulation of HuH7 cells with IFN- or IFN- results in the association between STAT2/STAT6. Moreover, the activation of STAT6 and the expression of IL-1Ra were inhibited by inhibiting STAT2 protein expression ([Fig. 2C](#fig02){ref-type="fig"} and [5B](#fig05){ref-type="fig"}). These observations prompt us to suggest a mechanism through which STAT6 is activated by IFN-α or IFN-β ([Fig. 6](#fig06){ref-type="fig"}). According to this mechanism, binding of IFN-α or IFN-β to their high-affinity receptors leads to the dimerization of IFNAR1 and IFNAR2. The activated JAK1 and Tyk2 kinases then activate STAT2 by phosphorylating Tyr 690. The phosphorylated-STAT2 seems to provide a docking site for STAT1 \[[@b39]\] and STAT6, where they are subsequently activated following phosohprylation at Tyr 701 and 641, respectively. Phosphorylated-STAT6 then dissociates from the docking site, homodimer-izes, and binds to the promoter of the IL-Ra gene, thereby initiating transcription of IL-Ra mRNA. Such activation mechanism may also occur with the formation of the STAT1: STAT1 homodimer, which is known to be activated by IFNγ. Indeed, IFNα has been shown to contribute to efficient IFN signalling through the homodimerization of STAT1. However, whether the STAT2: STAT6 heterodimer binds to DNA and activates gene expression remains unknown.

![A model for STAT6 activation on IFNα/β signalling. Tyk2 is pre-associated with IFNAR1, while JAK1, STAT2 are pre-associated with IFNAR2c. IFNα and IFNβ induce the receptor hetero-dimerization and subsequently the IFNAR1 is phosphorylated and binds to STAT2, which is then phosphorylated at Tyr690. The phospho-STAT2 binds to IFNAR2 and recruited STAT1 or STAT6 to the receptor. Subsequently, STAT1 or STAT6 is then phospho-rylated at Tyr701 or Tyr641, respectively, by JAK1 or Tyk2. The phosophorylated STAT6 will form a homodimer and bind to the IL-Ra promoter, thereby inducing the transcription of IL-Ra.](jcmm0012-0876-f6){#fig06}

The most important findings in the present study are the observations that IFN-α or IFN-β induce the phosphorylation of STAT6 in hepatocytes and the expression of the STAT6 target gene, IL-1Ra. At the same time, the activation of STAT6 is mediated by binding of STAT6 to phoshpo-STAT2 which is associated with IFNAR2. We also found that IL-1Ra is up-regulated by IFN-α, IFN-β IL-4, and L1β. Furthermore, IFN-αβ and IL-4 amplify the inducing effect of IL-1β on production of IL-1Ra, suggesting that IFN-α and β may exert their anti-inflammatory effects through the production of IL-1Ra.
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